We describe a 3-year-old boy with biotin dependency not caused by biotinidase, holocarboxylase synthetase, or nutritional biotin deficiency. We sought to define the mechanism of his biotin dependency. The child became acutely encephalopathic at age 18 months. Urinary organic acids indicated deficiency of several biotin-dependent carboxylases. Symptoms improved rapidly following biotin supplementation. Serum biotinidase activity and Biotinidase gene sequence were normal. Activities of biotindependent carboxylases in PBMCs and cultured skin fibroblasts were normal, excluding biotin holocarboxylase synthetase deficiency. Despite extracellular biotin sufficiency, biotin withdrawal caused recurrent abnormal organic aciduria, indicating intracellular biotin deficiency. Biotin uptake rates into fresh PBMCs from the child and into his PBMCs transformed with Epstein Barr virus were about 10% of normal fresh and transformed control cells, respectively. For fresh and transformed PBMCs from his parents, biotin uptake rates were consistent with heterozygosity for an autosomal recessive genetic defect. Increased biotin breakdown was ruled out, as were artifacts of biotin supplementation and generalized defects in membrane permeability for biotin. These results provide evidence for a novel genetic defect in biotin transport. This child is the first known with this defect, which should now be included in the identified causes of biotin dependency.
Introduction
Biotin, a water-soluble vitamin, is the coenzyme for five mammalian carboxylases (1): pyruvate carboxylase (EC 6.4.1.1), propionyl-CoA carboxylase (EC 6.4.1.3), methylcrotonyl-CoA carboxylase (EC 6.4.1.4), and both isoforms of acetyl-CoA carboxylase (EC 6.4.1.2). Biotin holocarboxylase synthetase (EC 6.3.4.10) catalyzes the attachment of biotin to the apocarboxylases by an amide bond to a specific lysine residue-producing holocarboxylases. During normal turnover, biotinylated proteins are proteolytically degraded to biocytin (biotinyl-lysine) and biotinylated oligopeptides that are subsequently cleaved by biotinidase (EC 3.5.1.12), thereby recycling biotin (1) .
Both holocarboxylase synthetase deficiency and biotinidase deficiency cause multiple carboxylase deficiency and biotin dependency (1) . Severe forms of holocarboxylase synthetase deficiency usually have onset of symptoms during infancy. Clinical features characteristically include feeding problems, acidosis, and an acute progressive encephalopathy. In contrast, biotinidase deficiency characteristically presents after infancy. Features include alopecia, skin rash, developmental delay, hypotonia, seizures, acidemia, aciduria, hearing problems, and vision problems. Biotinidase deficiency may be clinically indistinguishable from mild forms of holocarboxylase synthetase deficiency (2) . Both disorders typically respond to biotin therapy.
Both nutritional biotin deficiency and inherited enzymatic deficiencies of the biotin-dependent carboxylases cause abnormally increased urinary excretion of characteristic organic acids (1, 3, 4) . These compounds include the following: (a) 3-methylcrotonylglycine and 3-hydroxyisovalerate (3HIA) reflecting methylcrotonyl-CoA carboxylase deficiency; (b) 3-hydroxypropionate (3HPA), propionylglycine, and methylcitrate reflecting propionyl-CoA carboxylase deficiency, and (c) lactate, which likely reflects pyruvate carboxylase deficiency.
We now describe a child with biotin dependency who does not have an isolated carboxylase deficiency, holocarboxylase synthetase deficiency, or biotinidase deficiency. We present evidence that his biotin dependency is the result of a defect in biotin transport.
Case description. The proband is the only child of nonconsanguineous Asian parents. He was born prematurely at 26 weeks of gestation but suffered no obvious long-term deleterious effects from his premature birth. During infancy, he consumed commercial infant formulas containing amounts of biotin that met or exceeded the recommended intake for his age. As an older infant and toddler, he consumed a mixed general diet. Growth and development were normal without abnormal hair loss or skin rash until 18 months of age and the onset of an acute illness consistent with viral gastroenteritis. After 3 days of irritability and poor fluid intake, he deteriorated neurologically. He became progressively lethargic and finally completely obtunded. Venous blood pH was 6.97, and bicarbonate concentration was less than 5 mEq/l (normal 18-30 mEq/l). Plasma lactate concentration was 14 mol/l (normal 0.7-2.0 mol/l). Blood ammonia concentration was 109 mmol/l (normal 10-50 mmol/l). Plasma glucose concentration was 1.0 mmol/l (normal 3.3-5.5 mmol/l). These laboratory findings are consistent with the profound hepatocellular dysfunction characteristic of many inborn errors of metabolism.
The pattern of urinary organic acid excretion determined by the Children's Hospital of Los Angeles Metabolic Laboratory (Los Angeles, California, USA) was diagnostic of multiple carboxylase deficiency (Table 1) . Biotin supplementation was initiated at 10 mg/d (41 µmol/d) orally. Carnitine therapy (900 mg/d = 5.6 mmol/d) was initiated because secondary carnitine deficiency usually occurs in the biotin-dependent carboxylase deficiencies (5) . Biotin supplementation was continued as an outpatient, whereas carnitine was discontinued once the plasma concentration of carnitine returned to normal. Three months after the encephalopathic episode, the child had not completely regained his vocabulary or independent ambulation. Over the second and third year of life, he gradually regained normal neuropsychological and motor developmental milestones. He is currently developmentally normal.
Methods
Study design. To determine whether the child exhibited persistent biotin dependency, two 6-week trials of discontinuing biotin supplementation were undertaken. Urinary excretion of 3HIA was monitored on a weekly basis using a standard organic acid method (6) . The child was closely monitored by his parents for any signs or symptoms resembling his acute illness.
Organic acid analyses. The initial organic acid analyses were performed at Children's Hospital of Los Angeles using a silica gel technique that extracts variable proportions of most hydrophilic compounds (standard method); extraction is followed by derivatization and identification and quantitation by standard gas chromatography/mass spectroscopy techniques (6) . Final quantitation of urinary 3HIA during biotin withdrawal used a technique optimized for 3HIA quantitation; deuterated and unlabeled 3HIA served as internal and external standards, respectively (optimized method) (7) . The same technique was used to measure 3HPA; deuterated 3HIA and unlabeled 3HPA served as the internal and external standards, respectively. Normal ranges for both 3HIA and 3HPA were calculated as plus or minus 2 SD from a population of 20 normal adults consuming a mixed general diet. These normal ranges agreed with those reported for 3HIA by the Children's Hospital of Los Angeles and for 3HPA as reported by Kalloghlian et al. (8) .
Biotin, biocytin, and biotin catabolites. Biotin, biocytin, and the two principal biotin catabolites, bisnorbiotin and biotin sulfoxide, were separated by reverse-phase HPLC (9). Individual HPLC fractions were then quantitated against authentic standards, as described previously, using an avidin-binding assay (9) .
Enzyme activities. Biotinidase activity was measured by the method of Wolf et al. (10) . The activities of three biotin-dependent carboxylases were determined in extracts of both PBMCs and cultured skin fibroblasts by the Biochemical Genetics Service Laboratory at the University of California, San Diego (San Diego, California, USA), using 14 CO 2 incorporation assays (11, 12) . Assays were conducted on cells cultured in Eagle's minimal essential media containing 10% FCS; the media biotin content is typically 6 nmol/l. Enzymatic assays were conducted in buffers containing no added biotin.
Isolation of PBMCs and erythrocytes. PBMCs, which are primarily lymphocytes (13) , and erythrocytes were isolated from heparinized venous blood by gradient centrifugation using Histopaque (Sigma-Aldrich, St. Louis, Missouri, USA) as described previously (14) . After shipment of blood samples of the proband and his parents to the University of Arkansas for Medical Sciences (Little Rock, Arkansas, USA), lymphocyte viability remained greater than 97% by Trypan blue exclusion (14) .
Biotin and pantothenic acid transport in PBMCs and erythrocytes. Transport of biotin and pantothenic acid were measured using [ 3 H]biotin and [ 3 H]pantothenic acid, respectively, as described previously (14, 15) .
Sequencing the biotinidase gene. DNA was isolated from peripheral blood. The exonic and adjacent intronic regions of the gene were directly sequenced as described previously (2). Sequencing of the sodium-dependent multivitamin transporter gene. As described previously (15) , total RNA was isolated from peripheral blood, and cDNA for the sodium-dependent multivitamin transporter (SMVT) gene was isolated by RT-PCR, using customized oligonucleotide primers. The cDNA produced was cloned and sequenced as described previously (15) . For each fragment, one or two clones were sequenced. Each fragment was sequenced at least one time from each direction.
Epstein Barr virus-transformation of PBMCs. PBMCs were immortalized using the EBV method (16) . Normal control individuals providing cells for transformation were not the same individuals who provided blood for measurement of biotin uptake in quiescent PBMCs.
Results

Biotin withdrawal.
We assessed whether continued biotin therapy was required by withdrawing biotin therapy on two occasions as described in Methods. No overt signs or symptoms occurred during either trial. Biotin supplementation was reinstituted at 10 mg/d (41 µmol/d) when abnormally increased 3HIA excretion was detected by the relatively insensitive standard method (6) . Final quantitation by the optimized method for 3HIA quantitation detected persisting abnormal 3HIA excretion even before biotin withdrawal (Figure 1 ). By the third week of withdrawal, 3HIA excretion had increased tenfold. During the second withdrawal trial, the 3HIA excretion pattern was similar to the first (Figure 1 ). Both trials provided evidence of persisting and progressive decreases in methylcrotonyl-CoA carboxylase activity.
With biotin therapy, 3HPA excretion was initially normal. By the third week of withdrawal, 3HPA excretion had increased to greater than twice the upper limit of normal, providing evidence of decreased propionylCoA carboxylase activity. A similar pattern was observed during the second trial of biotin withdrawal. The urinary excretion rates of 3-methylcrotonyl glycine, isovaleryl glycine, and methylcitrate were normal during both withdrawal trials.
Enzyme activity. Activities of the three intramitochondrial biotin-dependent carboxylases were normal in both leukocytes and fibroblasts from the child, thus ruling out isolated deficiencies of these enzymes as causes for his biotin dependency ( Table 2 ; normal range from Biochemical Genetics, University of California -San Diego, San Diego, California, USA). Normal activity of these carboxylases in leukocytes also excludes holocarboxylase synthetase deficiency.
We investigated the possibility of a common variant biotinidase deficiency or of an unusual variant in biotinidase leading to normal maximal activity in the presence of saturating substrate (biocytin) but reduced activity at normal substrate concentrations. Biotinidase activity in the proband's serum was normal (Table 2) , thereby indicating that the enzyme has normal catalytic activity and is secreted normally from the tissues. His biotinidase gene was completely sequenced; no alterations in the coding sequence or in the adjacent intronic sequences were found. Moreover, the ratio of biocytin to biotin in urine was not increased during either biotin therapy or withdrawal (Figure 2a ), indicating that biotinidase was functioning normally in vivo.
We assessed whether biotin therapy had returned plasma concentrations of biotin at least to normal. The biotin concentration in a blood sample obtained 48 hours after the last biotin dose was 22,500 pmol/l; the normal range is 140 to 365 pmol/l (17) . Moreover, urinary excretion of biotin was substantially elevated during biotin therapy and decreased strikingly during biotin withdrawal (Figure 2b ). The striking contrast between apparent extracellular biotin excess and apparent intracellular biotin deficiency suggested the possibility of a genetic defect in biotin transport into tissues. On three occasions, biotin uptake was determined in freshly isolated PBMCs from the proband and his parents. On each occasion, the child had been on biotin therapy (10 mg/d = 41 µmol/d) for at least 1 month. In an effort to minimize artifacts arising from large plasma concentrations of biotin, biotin therapy was discontinued 48 hours before obtaining blood. The child's mean biotin transport rate was approximately 10% of the mean for the adult controls (Table 3) . To control for a potential age effect, biotin transport was measured in the cord blood of healthy newborns; his biotin transport rate was substantially less than any of the newborns (Table 3) . Biotin transport for the father and the mother were less than the normal adult controls; their values averaged 35% and 65%, respectively, of the normal adult mean (Table  3) . These values are consistent with (but not direct proof of) heterozygosity for an autosomal recessive genetic defect in biotin transport.
We evaluated the possibility that the child's low activity of the biotin transporter could be caused by an artifactual dilution of specific activity of [ 3 H]biotin. However, the carryover of endogenous biotin into the transport assay is only 0.02%; thus is the contribution from an endogenous biotin concentration of 22,500 pmol/l would be less than 5 pmol/l. We further confirmed the absence of such an effect by demonstrating that the in vitro addition of approximately 20,000 pmol/l of biotin to blood samples of three normal adults did not have a significant effect on biotin transport activity.
We investigated the possibility that chronic in vivo biotin therapy produced a physiologic downregulation of the biotin transporter in the child. Five normal adults consumed 1 mg of biotin daily for 7 days, producing a mean biotin plasma level of 34,600 ± 8,000 pmol/l in blood samples drawn 1-3 hours after the last biotin dose. In these individuals, mean biotin transport activity was not significantly different before biotin supplementation (874 ± 135 amol/10 6 cells × 30 min) compared with after biotin supplementation (687 ± 243 amol/10 6 cells × 30 min). P values were more than 0.3 as determined by paired t test.
We investigated whether the putative genetic biotin transport defect would be expressed in the family's EBV-transformed PBMCs. The child's rate was 10% of the mean biotin transport of the normal controls (Table 3) . Biotin transport for the father and the mother were less than the normal adult controls; their values averaged 19% and 20%, respectively, of the normal adult mean (Table 3 ). These observations provide further evidence for genetic defect in biotin transport.
The SMVT transports pantothenic acid, lipoic acid, and biotin. As such, SMVT was a candidate molecule for the defective transporter in this child. The function of SMVT and its genetic sequence were investigated in the proband as follows. His pantothenic acid transport rate (mean ± 1 SD) was 13 ± 3 fmol/(10 6 cells × 15 min; n = 3). The mean pantothenic acid transport rate (± 1 SD) for the five normal adults was 17 ± 4 fmol/(10 6 cells × 15 min); the range was 12.9-21.8. Thus, the child's pantothenic acid transport rate was normal. We also sequenced his SMVT gene. The proband's SMVT gene sequence was 100% identical with the published sequence (18) .
Although unlikely to explain all the laboratory findings presented above, we investigated two additional possible mechanisms for the putative genetic defect: a greatly increased rate of the biotransformation of biotin to one of its inactive catabolites and an alteration in the inherent permeability of the proband's plasma membranes to biotin. The two primary biotin catabolites (bisnorbiotin and biotin sulfoxide) were quantitated in urine samples collected before and during the withdrawal trials. Urinary excretion of bisnorbiotin and biotin sulfoxide were increased appropriately during biotin therapy and decreased appropriately during biotin withdrawal (data not shown). These urine samples were also screened for unknown avidin-binding substances that could indicate novel biotin catabolites; none were detected. To measure membrane permeability to biotin in the absence of the transporter, we measured the uptake of biotin in erythrocytes from the proband, his parents, and six normal controls. Biotin uptake was 2.0, 2.0, and 2.3 amol/(10 6 cells × 30 min) for the proband and his parents: controls averaged 2.7 with a range of 2.1-3.2. This minimal uptake may represent a slow nonspecific binding in view of the observations that the "uptake" rate decreased noticeably after the first 15 minutes and that the rate is equivalent to uptake of about one molecule of biotin per erythrocyte per 30 minutes. We infer that plasma membranes, in general, and erythrocyte plasma membranes, in particular, are highly impermeable to biotin.
Discussion
The studies presented here indicate biotin dependency in this child and provide evidence that the cause of his dependency is an inherited defect in biotin transport. On the basis of his clinical history, we conclude that he was in a state of precarious biotin homeostasis and that a routine febrile illness was sufficient to precipitate a near-fatal episode of biotin deficiency. The activities of several biotin-dependent carboxylases were profoundly decreased at presentation as judged by his increased urinary excretion of diagnostic organic acids. Because he exhibited biochemical biotin dependency 8 months and 13 months after his initial presentation, his biotin dependency is a persistent condition and is consistent with a genetic etiology. The strongest evidence in favor of a genetically determined biotin-transport defect is the demonstration of impaired biotin transport in both fresh and EBV-transformed PBMCs from this child as compared with the appropriate controls. A genetic basis for this biotin transport defect is further supported by the observation that biotin transport rates in both fresh and EBV-transformed PBMCs from both parents were less than those of the normal adult controls.
Our studies provided evidence that this child did not have either of the two established genetic causes of multiple carboxylase deficiency: biotinidase deficiency and holocarboxylase synthetase deficiency. Normal serum biotinidase activity and gene sequence excluded biotinidase deficiency. The normal carboxylase activities in extracts of peripheral blood leukocytes and in fibroblasts cultured in medium with biotin concentrations of approximately 6 nmol/l indicate that the child does not have holocarboxylase synthetase deficiency. Isolated genetic deficiencies of methylcrotonyl-CoA carboxylase, propionyl-CoA carboxylase, and pyruvate carboxylase were also excluded.
The finding of normal carboxylase activities in extracts of leukocytes and of cultured fibroblasts would seem to conflict with our central hypothesis that the intracellular environment is biotin depleted as the consequence of a biotin transport defect. However, we propose that intracellular deficiency occurred during normal biotin intake and began to reoccur during biotin withdrawal. We further propose that supplementation with pharmacologic amounts of biotin in vitro and in vivo at least partially corrects this intracellular deficiency.
The observation that the absolute rate of biotin uptake in the child's EBV-transformed PBMCs is tenfold greater than the rate in his quiescent, untransformed PBMCs is noteworthy. Stimulation of PBMCs with mitogens increases biotin transport two-to tenfold (19) . The increased proliferation associated with immortalization recapitulates the increased cell proliferation associated with mitogen stimulation. Thus, an increase in biotin transport rate in immortalized cells is to be expected for both normal individuals and the proband. However, the reduction in biotin transport relative to EBV-transformed cells from normal individuals was preserved in the proband and, in fact, accentuated in the parents by EBV transformation.
Biotin is taken up actively from the lumen of the gastrointestinal tract by a structurally specific, Na + -coupled transport process (20) and is transported in plasma primarily free in solution (3). Biotin is also transported into tissues by a structurally specific, Na + -coupled process (21) . Biotin is catabolized primarily by β-oxidation of the valeric acid side chain to bisnorbiotin and related catabolites (22) and by sulfur oxidation to biotin sulfoxide and related catabolites (3). Biotin and biotin catabolites are excreted primarily by the kidney. During deficiency, renal excretion of biotin and its catabolites are downregulated, conserving total body biotin (4). Following administration of pharmacologic amounts of biotin, renal excretion of both biotin and its catabolites increase substantially (23) .
This child exhibited deficiency of multiple carboxylases at presentation. He exhibited deficiency of methylcrotonyl-CoA carboxylase and propionyl-CoA carboxylase during each trial of biotin withdrawal. These observations suggest that the intracellular environment was biotin deficient and is consistent with a defect of biotin transport from the plasma into somatic cells. Although the somatic cells tested in this study were fresh and EBV-transformed PBMCs, the profound dysfunction of the child's intermediary metabolism and CNS suggest that the defect in biotin transport is more generalized. Possibilities include abnormalities in hepatocyte biotin uptake, renal biotin salvage, intestinal biotin absorption, biotin transport across the blood-brain barrier, biotin transport into neurons, or a combination of these defects. The observation that the child's plasma concentration of biotin was 22,500 pmol/ml 48 hours after discontinuing biotin therapy does not argue for or against an intestinal biotin transport defect. Whether or not the transporter defect is expressed in the intestine, increased plasma concentrations can be produced by simple diffusion; the rapid half-life of disappearance of biotin from plasma (approximately 20 minutes) observed in swine at physiologic doses (24) and in normal adult volunteers at pharmacologic biotin doses (D.M. Mock, unpublished observations) is consistent with greatly increased plasma concentrations of biotin decreasing rapidly to values that are only about 20 times normal.
Studies of biotin transport into erythrocytes provide the evidence that biotin cannot cross the plasma membrane at meaningful rates in the absence of a transporter. Studies using isolated hepatocytes and brush-border membrane preparations from animals and humans indicate that biotin transport from plasma into liver parenchyma is Na + -coupled, electroneutral, structurally specific, saturable, and requires energy (21, (25) (26) (27) (28) (29) (30) . These characteristics are consistent with one (or more) biotin transporters. Reported K T values are approximately 100 µmol/l and are thus substantially above the normal plasma concentration of biotin (0.5 nmol/l). A similar system operates to absorb biotin from the intestinal lumen (20) . Biotin reclamation by the kidney is Na + -coupled, structurally specific, saturable, and requires energy (31) (32) (33) , suggesting the existence of one or more renal biotin transporters. The observed K T is approximately 300 µmol/l. These reported values are substantially above the concentration of biotin in plasma and in the glomerular filtrate (probably about 0.5 nmol/l), raising the question of the physiologic relevance of these studies. At such concentrations, transport is likely mediated by the SMVT as described above, and conclusions reached may not be directly applicable to biotin transport at physiological concentrations of biotin.
Two candidate biotin transporters have been described: a multivitamin transporter present in many tissues and a biotin transporter identified in human PBMCs. In 1997, Prasad and coworkers reported a pantothenic acid transporter present in human placental choriocarcinoma cells (34) . Transport of two additional vitamins -biotin and lipoic acid -plus the demonstration of mutual pairwise inhibition suggested that this transporter can transport all three vitamins. This SMVT has been cloned from two human cell lines: the JAR choriocarcinoma (35) and the Caco-2 intestinal cell line (18) . Expression of the SMVT in Xenopus lavis oocytes revealed properties similar to those found in vivo. The SMVT gene is widely expressed in human tissues. This SMVT protein is theoretically a candidate for the defective biotin transporter in this child. However, the reported values for K T (approximately 10 µmol/l) are much greater than the K T of the lymphocyte transporter. Moreover, transport of pantothenic acid into fresh PBMCs of the child was normal, and his SMVT cDNA sequence was normal. Finally, mutual inhibition of transport between biotin and pantothenic acid implies that these molecules at least share some aspect of the transporter binding site. To attribute the results of the studies reported here to a genetic defect in the SMVT, one would have to postulate a genetic but posttranslational modification of the SMVT protein that virtually eliminated biotin transport without significantly affecting pantothenic acid transport, despite the shared binding site.
The biotin transporter identified in PBMCs is Na + -coupled, saturable, structurally specific, and requires energy. The apparent K T is 2.6 nmol/l, a value closer to normal plasma concentrations of biotin (14) . In contrast to the SMVT, biotin transport in PBMCs is not easily inhibited by pantothenic acid (19) . We contend that such differences likely indicate that the lymphocyte biotin transporter is a different protein from the SMVT and that the lymphocyte biotin transporter is a better candidate for the defective biotin transporter.
More than 20 years ago, patients with multiple carboxylase deficiency, decreased plasma and urinary biotin, and/or blunted plasma biotin concentrations in response to orally administered biotin were postulated to suffer from a genetic defect in intestinal biotin transport (36, 37) . Although these children ultimately proved to have biotinidase deficiency (38) , the original hypothesis that a biotin transporter defect would present as biotin dependency seems to be correct based on the observations in the child discussed here. A defect in biotin transport should now be included in the differential diagnosis of biotin dependency.
